The molten slags that are used not only in the continuous caster but also in every metal industry play an important role and affect the quality of products. The authors initially developed the double hot thermocouple technique (DHTT) for in situ observation of mold slag crystallization.
Introduction
The physicochemical and the thermal properties of molten slag have large influence on the quality of products not only in the continuous caster but also in every high temperature process using a slag-metal reaction. The former properties such as the viscosity and melting-solidifying behavior have been widely investigated. Although the thermal conductivity (or diffusivity) was also measured by many researchers, the interests might mainly be focused on the inherent value such as a phonon conduction to eliminate the effect of radiation and the effect of other phenomena (convection, crystallization and bubble formation). Scientifically it would be important, however, practically, the overall heat transfer that includes the complicated phenomena such as the bubble formation and the crystallization will be more important and useful. Under such a situation, the direct observation during measurement of the thermal diffusivity can be a key technique to understand the obtained results adequately. The authors initially have developed the double hot thermocouple technique (DHTT) for in situ observation of mold slag crystallization. 1, 2) These studies have indicated that the overall heat transfer rate in the actual process must be very complicated due to the interaction of crystallization of slag with the primary mechanisms of heat transfer: radiation, conduction and convection. The DHTT has a superior feature on the rapid heating and cooling of melted sample during observation, whereas the extremely high sensitivity on the temperature change makes it unamenable. The measurement of thermal diffusivity using the DHTT should overcome the following problems belonging to two categories: ( i ) contents of the effective thermal diffusivity (effects of phonon conduction, radiation conduction, electron conduction and effect of convection) (ii) influences of the experimental setup on the measured value. In the present study, we focused on the problem of the second category (ii). The problem of the first one (i) will be discussed in the following paper.
The final purpose of present project is to clarify the effective thermal diffusivity during the bubble formation and crystallization. In this study, the DHTT was further developed and the measurements of thermal diffusivity using the standard sample (B 2 O 3 ) were carried out. The affecting factors (finite pulse-time effect(shape of pulse) and heat loss from sample surface) on the measurement using the DHTT were elucidated and new relationship between the thermal diffusivity a and the time at half-maximum temperature t 0.5 was obtained, which was the modified relationship of Parker's method. 3, 4) 
Experimental
The details of experimental apparatus have been shown in the previous study.
1,2) Figure 1 illustrates the principle of the thermal diffusivity measurement and the comparison of the alignment of heat source and detector between the DHTT and the laser flash method. The laser flash method is an excellent method and can predict a relatively suitable value of thermal diffusivity using Parker's method 4) (Eq. (3)). However, it will need a special alignment for the measurement of liquid and/or transparent material. Furthermore, a direct observation during measurement is almost impossible. On the other hand, the DHTT can observe the molten sample in situ. As shown in the previous study, 1, 2) the solidification of mold slag is complicate phenomena including the bubble formation/breaking and the crystallization. It would be very important to know the sample image during measurement. The thermal diffusivity obtained from DHTT, however, is not yet established and it is not reported what kinds of factors affected on the measurement until now.
For the preliminary approach to the application of the DHTT to the measurement of thermal diffusivity, the affecting factors on the measurement were elucidated from both the theoretical and the experimental method. In the case of laser flash method, an instantaneous laser pulse was used as a heat source and the temperature increase at the rear surface was measured by an infrared pyrometer (IR detector). In the case of DHTT, the temperature of one side thermocouple (CH-1, in Fig. 1 ) increased in a pulse shape and the other side of thermocouple (CH-2) was used as a detector. The typical temperature profiles of both CH-1 and CH-2 are shown in Fig. 2 . The time t 0.5 at the half-maximum temperature (1/2 DT max ) was defined as shown in Fig. 2 and used for the calculation of thermal diffusivity according to the laser flash method (the details will be shown in below). The large differences between the laser flash method and DHTT are as follows: (1) Heat source is the order of several seconds (millisecond order in laser flash method). (2) Shape of pulse is not square. This factor might be decisive in both the methods, however, the extent of delay on the pulse (finite pulse-time) is significant on the DHTT. (3) Heat loss owing to the radiation and the conduction to the thermocouple (CH-2) for detection is significant for the DHTT. In the present paper, these difficulties will be overcome for using the DHTT on the measurement of thermal diffusivity, because it can provide us with the other benefits such as the measurement of transparent slag melt and the direct observation. Figure 3 shows the examples of the observations during measurements. Figure 3 (a) is a sodium silicate melt (Na 2 O · 2SiO 2 ) having bubbles supported by the two thermocouples. On the other hand, Fig. 3(b) shows a clear and transparent B 2 O 3 melt, in which many reflections could be seen because it was working as a lens. In this experiment, the bubbles were eliminated and clean melt was used.
Results and Discussions
The one dimensional heat transfer under an insulating condition with an instantaneous heat source was given by Carslaw and Jaeger. where
is the temperature distribution at any later time t and a is the thermal diffusivity. D means the thickness of sample. The temperature history V at the rear surface (xϭD) can be expressed by Eq. (2).
..... (2) where T M is the maximum temperature at the rear surface (T M ϭQ/rC p D, Q is the radiant energy of pulse, r is the density of sample and C p is the heat capacity). From Eq.
(2), Parker, et al. 4) gave the simplest equation expressed by Eq. (3). The time t 0.5 can be defined by that at Vϭ0.5, which means the half-maximum temperature. Then, the thermal diffusivity a can be calculated by Eq. Equation (3) is very useful equation to obtain the thermal diffusivity. Many commercial devices for measuring the thermal diffusivity have been developed on the basis of Eq. (3). Figure 4 shows the temperature variations that calculated using Eq. (2) with different thermal diffusivities. Since the range of thermal diffusivity of slag melt is generally from 0.001ϫ10
/s), the time for reaching the maximum temperature is about from 2 to 10 sec depending on the thermal diffusivity. When we used the characteristic thermal diffusion time t c (ϭD 2 /a), those lines can be expressed with one line (Fig. 4(b) ) and the relationship of Eq. (3) can be obtained for thermal diffusivity.
Since Eq. (3) was very convenient one to obtain the thermal diffusivity (otherwise whole temperature profile should be calculated for determining the thermal diffusivity), the meaning of Eq. (3) was analyzed. Then, the analogical and fundamental equation was derived as follows: (4) where J 1 and J 2 are the parameters determined by the sample thickness D, the heat loss and the finite pulse time (pulse shape). In the case of the instantaneous pulse and the insulated condition (J 1 ϭ0.1388D 2 and J 2 ϭ1), Eq. (4) is equal to Eq. (3) (Parker' equation). In the present study, the parameters, J 1 and J 2 were obtained for getting the adequate thermal diffusivity using DHTT.
Effect of Finite Pulse-time (Shape of Pulse)
Since the actual heat source is not instantaneous exactly (effect of finite pulse-time) and the heat loss cannot be avoided from the sample surface, several correction factors will be introduced more or less to obtain the correct value even in an actual commercial device, in which the thermal diffusivity is calculated based on the Eq. (3).
In such a circumstance, the effects of finite pulse-time have been studied by Larson et al., 5) Taylor et al. 6) and Cape et al. 7) Larson et al. has applied the empirical exponential type pulse representing the output from xenon flash lamp on the theoretical analysis (Eq. (5)).
......... (5) where t p is a time at peak of heat source pulse, g is defined as t c /t p . In Eq. (5), the heat source was expressed as f(t/t c )ϭg(t/t c ) exp[(1Ϫg(t/t c )]. When g→ ∞, Eq. (5) is equal to Eq. (2) for the instantaneous pulse by Parker et al. (Fig.  5 ) and the small value of g means the delayed pulse. In . thermal diffusivity significantly, if the Eq. (3) was used. From Larson's results, it was found that the effect of pulse shape (finite pulse-time) was important and the error for the thermal diffusivity sometime became several times.
Effect of Heat Loss
In addition to the effect of pulse shape, the heat loss from sample surface is quite important. Especially in the DHTT, the heat loss from the sample surface is relatively large and the conduction to the thermocouple for the detection (CH-2) is considerably large comparing to the radiation loss. Watt 8) has shown the theoretical approach for the radiation loss from the sample surface based on the equation by Carslaw et al.
3) Heckman 9) has studied the finite pulse-time effect and the heat loss using Green's function based on the result of Watt. For the triangular heat pulse (Fig. 6) , Heckman has presented the relationship shown as Eq. (6) (9) where s is the Stefan-Boltzmann constant, e is the emissivity of the sample surface, k is the thermal conductivity and T m is the temperature. When the heat loss from the oxide sample surface by the radiation is taken into account (e.g.: T m ϭ1 000 K, Dϭ0.001 m, kϭ1 W/m K), the order of L m is less than one (L m Ϲ1) in Eq. (9) . As the heat loss in DHTT will be large at the detection thermocouple (CH-2) and the difference of heat loss between the radiation and the conduction is quite large, the characteristic two cases of heat loss are assumed as L 1 ϭ L 2 ϭ1 and L 1 ϭL 2 ϭ1 000 (triangular pulse; tϭ0.2 (pulse duration), t c ϭ20.736 and bϭ0.1: Appendix I). In Fig. 6 , the calculation results using Heckman's equation (Eq. (6)) under above two conditions are shown in comparison with Parker's equation (Eq. (2)). It was found that the existence of heat loss made the temperature profile lower and the local maximum point appeared on the temperature profile. Furthermore, the maximum point decreased with the increasing heat loss, intensely. It should be noted that the temperature profile never decrease in an insulated condition (Parker's equation, Eq. (2)) and the actual one must decreased more or less, because some extent of heat loss always exist.
These temperature profiles from Heckman's equation (L 1 ϭL 2 ϭ1 and L 1 ϭL 2 ϭ1 000) were compared in Fig. 7 with experimental data of B 2 O 3 melt using DHTT at 773 K (the curves were normalized with T max (the maximum tem- perature) and t max (the time at T max )). Even if the fairly large heat loss was assumed in the Heckman's equation (L 1 ϭL 2 ϭ1 000, broken line), the calculated temperature profile could not represent the experimental data, especially, the decreasing curve beyond the t max did not represent the observation.
Numerical Method for DHTT Measurement
From above results, it was found that the analytical method was difficult to express the experimental results owing to the complex pulse shape and the heat loss in the present study. Then, the numerical analysis was carried out based on the following fundamental equation 15) where r is the density, C p is the heat capacity and k is the thermal conductivity. The finite difference method with the forward differences was adopted for numerical analysis and the equation could be rewritten as follows 16) where 'n' means the position corresponding to the spacederivative and 'i ' means the time corresponding to the time-derivative. The numerical calculation using Eq. (16) was carried out with Dtϭ4ϫ10 Ϫ6 (s) and Dxϭ0.001 (cm). The boundary condition at the front surface (heat source) was changed according to the experimental heat pulse. (2)), when the maximum temperature was kept at the rear surface for simulating the thermally insulated condition (without heat loss) and the instantaneous heat pulse was defined as T 0 i ϭ 1 in Eq. (17). The calculated results between the numerical method (Eq. (16)) and the analytical method (Eq. (2)) were shown in Fig. 4(b) . It was confirmed that the present numerical method was in excellent agreement with the analytical method and was adequate to simulate the one dimensional heat transfer on the DHTT. The computer program was coded by Fortran 90 and the calculation time was 3 days on Pentium II, 1 hr on Pentium III and 10 min on Pentium IV. A large number of calculation with different conditions were performed.
Then, using experimental heat pulse ( Fig. 8(a) ; the curve of pulse was divided into two region at the maximum point t p (0ϹtϹt p and tϾt p ) and the two curves were expressed by the three dimensional polynomial), the numerical calculations were carried out and the temperature variations with different thermal diffusivities (aϭ0.001ϫ10 Ϫ4 -0.005ϫ 10 Ϫ4 m 2 /s) were compared with the observation in Fig. 8(b) . It was found that the calculation result using the thermal diffusivity, aϭ0.003ϫ10 Ϫ4 m 2 /s was in good agreement with the observation. In this case, the heat pulse and the response curve were normalized by the t p that was the time at the maximum temperature in the heat pulse.
From these results, it could be concluded that not only the shape of pulse but also the heat loss affected the measurement of thermal diffusivity significantly in the DHTT measurement. The numerical method was useful to analyze the experimental heat response curve, because the shape of heat pulse was not geometric one and the heat loss from sample surface to both the ambient and the thermocouple was large. However, it is not practical method for getting a thermal diffusivity to use the numerical method owing to the necessity of huge work.
Then, the Eq. (4) will be convenient to obtain the thermal diffusivity. The parameters (J 1 and J 2 ) were determined as shown in the following section.
Parameters Determination (J J 1 and J J 2 ) for the
Thermal Diffusivity on the DHTT Measurement As mentioned above, the relationship between a and t 0.5 was obtained in the present study using the heat pulse simulating the experimental one with the numerical analysis. Before carrying out the numerical analysis, the relationships between a and t 0.5 in the Heckman's equation (Eq. (6)) were examined in the different conditions of heat loss. The results were shown in Fig. 9 . The parameter J 1 decreased with increasing heat loss (L 1 ϭL 2 ϭ1 to 1 000) and the J 2 increased slightly (the two lines seemed to be a parallel) with increasing heat loss. We have also calculated the line with L 1 ϭL 2 ϭ20 and the result was almost the same as L 1 ϭL 2 ϭ1 000, which meant that the decrease from L 1 ϭL 2 ϭ20 to L 1 ϭL 2 ϭ1 000 was very small. Figure 10 shows the heat pulse functions for using the numerical analysis. The triangular pulse was also used for the comparison. The experimental pulse was formulated as (Fig. 8(a) ) divided into two regions at t p (maximum point). The definition of t p was different between the experimental pulse and the triangular one, because the order of t p in the triangular pulse was so small, if the maximum point was selected. On the other hand, in the experimental pulse, the decreasing curve from the maximum point depended on the condition of heat loss which was not constant between the different experiment. Sometime the period of decreasing curve was very long and difficult to define the period. Furthermore, there are some physical meaning for both the t p . In the case of experimental pulse, t p means the duration that the heating power is turning on, while the t p in the triangular pulse means the duration that the laser pulse was changing into the heat at the front surface. From these reasons, the different definitions of t p were selected as shown in Fig. 10 .
Using two kind of heat pulses, the numerical method was carried out as mention above. The obtained results are shown in Fig. 11 . The values of the parameter J 1 in the both conditions were one order of magnitude smaller than that obtained using Heckman's equation (Fig. 9) . The result was caused by the difference of the amount of heat loss. The numerical method could simulate the situation that the large heat loss occurred in the DHTT. The parameter J 2 was relatively larger than that of Heckman's. The relationship between a and t 0.5 obtained can be expressed as follows in the case of experimental heat pulse: In the present experiment, t 0.5 /t p was measured at the desired temperatures from 630 to 1 373 K using reagent grade B 2 O 3 and also the thermal diffusivity a of B 2 O 3 was calculated from the literature value (density r, the heat capacity C p and thermal conductivity k: Appendix II). These values were summarized in Table 1 and shown in Fig. 12 . Although some scattering can be seen in the observation, the variation with t 0.5 /t p was in good agreement with the Eq. (19) that obtained by the numerical method. Figure 13 shows the temperature dependence of thermal diffusivities obtained in the present study (using the observed t 0.5 /t p and Eq. (19)) and the references value (Appendix II). The excellent agreement was obtained and the relationship between a and t 0.5 expressed by Eq. (19) was quite useful one to determine the thermal diffusivity using the DHTT.
However, another factor might govern the value obtained in high temperature range. That is a effect of radiation in a transparent sample [10] [11] [12] Moreover, this effect must dominant in both the data from the present study and the reference data (Appendix II, Ref. A8)), which was obtained by the steady-state method for thermal conductivity measurement, because both the thermal diffusivities increased with increasing temperature (normally, the thermal conductivity of glasses decreased in high temperature range 12) ). This effect on the measurement of thermal diffusivity using DHTT will be discussed in the following paper.
Finally, the temperature response curves were calculated using the thermal diffusivity obtained by Eq. (19) and shown in Fig. 14 ((a) : 1 070 K, (b): 865 K). In these calculations, as each temperature profiles at heat source (at CH-1) were fitted to the three dimensional polynomial (as mentioned above, actually two kind of polynomials used for two regions before and after the maximum temperature) and used in the numerical calculation, it is natural that the circles (observations) and the lines (calculation) in Figs. 14(a) and 14(b) were almost the same line. On the other hand, the temperature profiles at the rear surface (at CH-2) were shown in squares and lines. There were excellent agreement between the calculations and observations at both the temperatures.
Conclusions
New method to measure the thermal diffusivity using double hot thermocouple technique (DHTT) was developed. The factors affecting on the thermal diffusivity measurement were elucidated. The finite pulse-time effect and the heat loss were quite different from that of laser pulse method and it was found that the analytical method could not used for the DHTT. Then, numerical method was applied to analyze the heat conduction on the DHTT.
The results obtained are as follows:
(1) The heat loss in DHTT was quite high and the analytical method presented by Heckman could not apply.
(2) In addition , since the shape and duration of pulse © 2002 ISIJ Table 1 . Thermal diffusivity obtained in present study.
Fig. 12.
Relationship between thermal diffusivity a and t 0.5 /t p . in the heat source was entirely different from the laser flash method, the numerical method was useful to simulated the heat transfer on the DHTT. (3) The new relationship between the thermal diffusivity a and the time at the half-maximum temperature t 0.5 was obtained using the numerical method, which was in excellent agreement with the observation. Table A2 . References data on B 2 O 3 for calculating the thermal diffusivity. Table A1 . Numerical solutions of Eq. (7). atures has some scattering, the data from Shpilrain et al. A1) and Napolitano et al. A4) shows a good agreement. The regression curve for density has made based on their data (Fig. A1) . There is a few data on the heat capacity of B 2 O 3 , A6,A7) the sudden increase at 723 K corresponds to the transformation (Fig. A1) . Figure A2 shows the variation of the thermal conductivity of B 2 O 3 , the data is also a few and only two regions can be available (from 0 to 300 K and from 1 173 to 1 373 K). A8,A9) In present study, two lines were used for expressing the two regions. Then, thermal diffusivity was estimated using these data (aϭk/(rC p )) and shown in Fig. A2 .
